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Abstract:  
In this letter we report on the generation of cold electron beams using a Cs3Sb photocathode grown by co-
deposition of Sb and Cs. By cooling the photocathode to 90 K we demonstrate a significant reduction in the mean 
transverse energy validating the long standing speculation that the lattice temperature contribution limits the 
mean transverse energy or thermal emittance near the photoemission threshold, opening new frontiers in 
generating ultra-bright beams. At 90 K, we achieve a record low thermal emittance of 0.2 m (rms) per mm of 
laser spot diameter from an ultrafast (sub-picosecond) photocathode with quantum efficiency greater than 7x10-5 
using a visible laser wavelength of 690 nm. 
 
 
The quest for photocathodes that generate electron beams with increased brightness to drive 
X-Ray Free Electron Lasers (X-FEL) [1], Energy Recovery Linacs (ERL) [2], electron cooling of 
hadron beams [3], inverse Compton scattering [4] and ultrafast electron diffraction (UED) [5] 
experiments has recently received much attention from the scientific community, resulting in a 
stronger interaction between accelerator and solid state physicists trying to identify suitable 
materials with improved performance for future accelerators and novel applications [6]. 
From the point of view of the electron source for an accelerator device, the photocathode has 
to satisfy several, often conflicting, requirements: high quantum efficiency (QE); low thermal 
emittance or mean transverse energy (MTE); prompt response time; and photocathode 
longevity. As of today no photocathode material is able to fulfill all these requirements and 
application specific tradeoffs have to be made to select an acceptable photocathode material. 
High QE is important mostly when defining the specifications for the drive laser: higher QE 
means that less laser power is needed for the same extracted beam current. For high current 
(~100 mA) applications, like ERL’s [2] and electron cooling [3], QE’s of a few percent or more in 
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the visible range of the spectrum are needed in order to maintain the average laser power 
within a few tens of Watts [2]. However, for most other applications such as single pass FEL’s or 
UED setups, where the current requirement is in the 100 A range [1] and/or the maximum 
charge per bunch extracted should be kept to a small to avoid charge emittance degradation 
and QE in the 10-5 range in visible or UV light suffices. Along with sufficient QE, most accelerator 
applications require photocathodes to have a sub-picosecond response time and robustness to 
vacuum conditions in order to operate without significant QE degradation.   
For a given bunch charge, the maximum electron beam brightness achievable from the 
photoemission source depends only on the MTE and the electric field at the cathode surface 
[7,8,9] and the transverse coherence length, which sets the upper limit to the unit cell size of 
the crystal that can be imaged using UED setups, depends inversely on the thermal 
emittance[5]. The thermal emittance is determined by the laser beam size and the MTE of the 
emitted electrons through the relation: 
𝜀𝑛,𝑥 = 𝜎𝑙,𝑥√
𝑀𝑇𝐸
𝑚𝑒𝑐2
           (1) 
where 𝜀𝑛,𝑥 is the normalized transverse emittance in the x plane, 𝜎𝑙,𝑥 is the rms laser spot size, 
𝑚𝑒 is the electron mass, and c is the speed of light. Lowering the MTE will increase the beam 
brightness for FEL other light source applications and increase the transverse coherence lengths 
for UED applications extending the frontiers of these applications.  
Most of the photocathodes used today provide MTEs of a few hundred meV that translate to a 
transverse coherence length of a couple of nm allowing UED to be performed on samples with 
unit cells smaller than 1 nm. Reducing MTE below 10 meV transverse coherence lengths larger 
than 10 nm are achievable allowing UED of larger unit cells like that of protein crystals. 
The question of the lowest MTE achievable is an important basic question at the interface of 
solid state and beam physics. Disorder induced heating of electrons after emission theoretically 
limits MTEs to 1-2 meV [10]. Smallest measured MTEs are close to 25 meV from GaAs activated 
using Cs and NF3 [11] and from antimony films [12]. However, GaAs cathodes have a very long 
response time under infrared illumination and antimony films have extremely low QE (<10-6 in 
the UV range) near the threshold making them impractical for ultrafast accelerator applications. 
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In this letter, we report on MTE from a Cs3Sb cathode at room temperature and at a cryogenic 
temperature of 90 K at a near threshold wavelength on 690 nm. At room temperature the 
cathode delivers a MTE of 40 meV with a QE in the 10-3 range and at 90 K the cathode delivers a 
record low MTE of 22 meV with a QE of 7x10-5 under low electric fields of ~100 V/m. Our 
results not only show that Cs3Sb is an ultrafast, low MTE cathode for FEL and UED applications, 
but also show that the MTE obtained from these cathodes, when operated near threshold, is 
indeed limited by the lattice temperature and reducing the lattice temperature can open new 
frontiers in generating ultra-bright beams for FEL and UED applications.     
The experiments have been performed at the photocathode laboratory at Cornell University 
[13]. The UHV installation has been recently upgraded with a compact high voltage, up to 20 kV, 
photoelectron gun which includes a solenoid and 2 pairs of corrector coils (figure 1). We'll refer 
to this electron gun with the name of Transverse Energy meter (TEmeter) from now on. 
 
Figure 1. TEmeter scheme: laser (red) and electron beam (blue) paths are indicated. 
 
The photocathode holder is connected to a liquid nitrogen reservoir, allowing the cooling of the 
photocathode from room temperature down to ~90 K. The 50 mm stainless steel circular anode 
has a 12 mm diameter hole allowing light generated using laser diodes or by an optical system 
comprising a lamp and a monochromator be sent to the photocathode surfaces through a UHV 
window with ~6° angle with respect to the axis of the electron gun. Electrons are accelerated by 
the electric field generated between the negatively biased photocathode surface and the 
4 
 
grounded anode, and are imaged onto a Ce-doped YAG scintillating screen. A CCD camera is 
used to measure the beam size. The YAG screen is coated with 7.5 nm of titanium to prevent 
surface charge accumulation.  
A Cs3Sb cathode has been grown on a p-doped Si(100) substrate while cooling from 130 °C to 50 
°C, by co-evaporating Sb and Cs with respective fluxes of 3x1011 and 1x1012 atoms cm-2 s-1 (see 
figure 2a) until the QE reached a plateau at 0.05 at 532 nm (see figure 2b).  
 
Figure 2. (a) Fluxes of Cs and Sb vapors and (b) QE at 532 nm during the growth of the Cs3Sb photocathode . 
  
 
 
The cathode was then moved from the growth chamber to the high voltage (350 kV) electron 
gun of the Cornell-ERL injector prototype [14] under UHV by using a vacuum suitcase without 
exposing it to air.  
QE and thermal emittance at 690 nm were measured at room temperature using a laser diode 
with the solenoid scan technique [15].  Results are reported in figure 3 as function of the gun 
voltage: while QE is seen to increase from 7x10-4 to 1.5x10-3 due to the Schottky lowering of the 
work function, the beam emittances and hence MTEs does not show any remarkable field 
dependence. 
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QE dependence on the applied electric field can be expressed as 
 
𝑄𝐸 = 𝑎(ℎ𝑣 − 𝜑 + 𝑏√𝛽𝐸)
2
          (2) 
 
Where 𝑎 is a material dependent constant, ℎ𝑣 is the photon energy, 𝜑 is the threshold 
wavelength for the photoemission, 𝑏 is defined as 𝑏 = √𝑒/4𝜋𝜀0 , 𝐸 is the applied electric field 
and 𝛽 its enhancement factor. 𝛽 can be deduced from a linear fit of 𝑄𝐸0.5 as function of 𝐸0.5 
resulting to be 3.7.  
 
Figure 3. Cs3Sb photocathode QE and thermal emittance at 690 nm as measured in the injector DC gun. 
 
 
The cathode was then moved back to the photocathode laboratory using the vacuum suitcase 
and once installed into the TEmeter, it was subjected to few cycles of cooling to cryogenic 
temperatures (90 K) and back to room temperature (300 K). Thermal emittance was estimated 
using two different methods: the solenoid scan and the free expansion of the electron beam. 
Data analysis is performed by means of linear optics transfer matrices as illustrated in ref. 15 
and for the free expansion method the solenoid field is set to zero.  
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Thermal emittances were determined using the solenoid scan technique with an rms laser spot 
size of 60±3 and 64±3 m respectively for x and y direction, using photocurrent intensities in 
the range of 1 to 2 nA to avoid space charge and for three different gun voltages (5, 7 and 9 kV) 
corresponding the electric field gradients of 0.88, 1.23 and 1.58 MV/m at 300 K and 90 K as 
reported in figure 4. 
 
Figure 4. Solenoid scan measured normalized emittance in the TEmeter at 300 K (red) and at 90 K (blue). 
 
From a linear fit it is deduced that the MTEs of the electron beam at 300 K and at 90 K are of 
40±2 and 22±1 meV respectively.  The agreement between measurements performed at room 
temperature in the TEmeter and in the ERL injector prototype DC gun is noteworthy. 
Solenoid scan measurements with laser spot size larger than 60 um rms have been found to be 
affected from solenoid aberration most likely due to a relatively large electron beam size inside 
the solenoid magnetic field. For these reasons we performed additional measurements by 
leaving the electron beam going under a free expansion using different laser beam sizes and 
different electric field intensities at the cathode surface varying from 0.5 to 3.4 MV/m. The 
results of the measurements are summarized in figure 5 where the emittance of the beam is 
reported as function of the initial laser spot size at the cathode surface. 
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Figure 5. Thermal emittance is deduced from the linear fit of the beam emittances as function of laser spot size. 
 
From the linear fit of the beam normalized emittance as function of the laser beam spot size 
reported in figure 5 the thermal emittance of 0.274±0.006 m/mm rms (38±2 meV) and 
0.209±0.006 m/mm rms (22±1 meV) are estimated at 300 K and 90 K respectively. 
The Spectral response of the Cs3Sb cathode was measured biasing the cathode with -18 V at 
both temperatures and reported in figure 6. The influence of Schottky effect for this 
measurement is negligible.  
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Figure 6. Spectral response at 300 K and 90 K. 
 
The extrapolation of the spectral response data allows estimating the threshold 𝜑 for 
photoemission which, within our experimental sensitivity, was ~1.59 eV and ~1.72 eV at 300 K 
and at 90 K respectively.  
In a very simple model assuming isotropic photoemission with electron energy uniformly 
distributed in the interval 0 and ℎ𝑣 − 𝜑  it can be shown that MTE simply reduces to 
(ℎ𝑣 − 𝜑)/3 [15]. This simple evaluation does not include the field dependent contribution of 
the Schottky work function lowering that, using the estimated field enhancement coefficient 
obtained from QE measurement, can be as large as ~135 meV for the largest value (3.4 MV/m 
at 20 kV) of the electric field gradient in the TEmeter. The predictions of such simple model 
yield expected values for MTEs of ~70 meV and ~25 meV for 300 K and 90 K respectively. If the  
contribution of the Schottky effect is included, the electric field dependence should be 
observed on MTEs and values as large as ~115 meV should be observed at 300K and at 3.4 
MV/m. In addition to that, it is well known that the electron beam thermal emittance is 
affected by the cathode surface roughness. Electrons trajectories can be affected by the 
photocathode surface roughness through two main processes: one is due to the relative 
geometric orientation of local surfaces from where the electron originates with respect to the 
nominal photocathode normal, the other mechanism is due to a transverse kick imparted to 
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photoelectrons near the photocathode surface by local transverse electric field components, in 
this latter case it can be shown that MTE shows a linear dependence on the electric field [16]. 
This whole picture looks in contrast with our smaller measured MTEs indicating that a model 
simply scaled on electrons excess energy cannot explain our experimental result.  
Already in 1958, Spicer observed photoemission from alkali antimonide photocathodes with 
photons having energy lower than the sum of the band gap (Eg) and electron affinity (Ea)[17]. 
This observation was interpreted as photoemission from filled donor levels lying near the Fermi 
level within the gap of the semiconductor. The number of electrons filling these states and 
contributing to the photoemission process at photon energies lower than the Eg+Ea (~2 eV) 
level is strongly related to the temperature of the sample trough the Fermi-Dirac distribution. 
Spicer also observed that, as expected from its interpretation, at cryogenic temperatures the 
QE of the alkali antimonides photocathodes strongly decreased because of the reduction of the 
number of electrons filling these donor levels having energies large enough to be excited above 
the photoemission threshold [17]. Our observation of QE increasing and decreasing as 
temperature changes is consistent with those results.  
A recent model, which includes the effect of the finite temperature on the Fermi Dirac 
distribution of the electrons in metals, shows that the thermal emittance due to photoelectrons 
can be expressed as [18]: 
 
𝜖𝑛,𝑥 = 𝜎𝑙,𝑥√
𝑘𝑇
𝑚𝑒𝑐2
√
𝐿𝑖3{−𝑒𝑥𝑝[
𝑒
𝑘𝑇
(ℎ𝑣−𝜑)]}
𝐿𝑖2{−𝑒𝑥𝑝[
𝑒
𝑘𝑇
(ℎ𝑣−𝜑)]}
        (3) 
 
Where 𝐿𝑖𝑛 is a polylogarithm function defined as [18]: 
 
𝐿𝑖𝑛(𝑧) =
(−1)𝑛−1
(𝑛−2)!
∫
1
𝑡
1
0
𝑙𝑜𝑔(𝑡)𝑛−2𝑙𝑜𝑔(1 − 𝑧𝑡)𝑑𝑡      (4) 
 
The presence of filled donor states within the energy gap allows us to use the same formula to 
estimate the emittance and hence the MTE of electron beam generated during our 
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measurements. In our experimental conditions the photon energy (~1.8 eV) is smaller than the 
sum of energy gap and electron affinity of the material (~2 eV) and under this circumstances 
the ratio of the two poly-logarithm functions in expression (2) tends to 1, thus the measured 
MTE in the absence of other effects should equal 𝑘𝑇 yielding MTEs of 25 meV and 8 meV for 
cathode temperature of 300 K and 90 K respectively. This result does not depend on the 
electron affinity as long as the photon energy is smaller than the effective work function, which 
includes the lowering induced by the Schottky effect. The absence of a measurable increase of 
the thermal emittance with electric field in our result supports this assumption. Nonetheless, 
the values of MTEs measured at 300 K and 90 K are larger than the expected values. The 
increase of the MTE values can be attributed to the surface roughness. Indeed, considering a 
simplified two dimensional roughness model as [16]   
𝑧(𝑥) = 𝑎 cos (2𝜋
𝑥
𝜆
)           (5) 
Where 𝑎 is the amplitude and 𝜆 the period of the modulation of the surface roughness the 
thermal emittance increase 𝜀𝑡ℎ,2𝐷 can be expressed as  
𝜀𝑡ℎ,2𝐷 ≤ 𝜀𝑡ℎ√1 + 6 (
𝜋𝑎
𝜆
)
2
           (6) 
The surface of alkali antimonide cathodes has been reported to have a roughness on the order 
of 25 nm rms with period of 100 nm [19]. For such surface roughness parameter the term 
under the square root equals 2.16. This estimated contribution alone exceeds and can be 
sufficient to explain the differences from the expected and measured values for the MTEs at 
both 300 K and 90 K. This contribution depending only on the geometry of the surface and not 
on the electric field well fit with our experimental observations.  
Exploring the photoemission properties of a bi-alkali antimonide photocathode near the 
emission threshold with visible light at 690 nm and at cryogenic temperatures we have 
demonstrated that sub-room-temperature electrons (~0.2 m/mm rms) can be produced with 
QE (at least 7x10-5) comparable to that of commonly used metals, which, however, require UV 
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excitation light. Electron beams brightness can be improved usingalkali antimonides as 
compared to the metal photocathodes having similar QE but necessitating ultraviolet photons 
to overcome a larger work-function. The copper cathode operating in the LCLS photoinjector 
has a typical QE of 1x10-4 and a thermal emittance of ~0.9 m/mm rms when illuminated with 
UV light at 253 nm [20]. MTE’s comparable to the ones we reported here can be achieved using 
Magneto Optical Trapping and excitation of Rb atoms as described in [21], but due to practical 
limitation in achieving higher density of Rb atoms within the interaction region with the laser 
beams, the charge per bunch so far has been limited to few tens of fC. 
In summary, we have reported on the generation photoelectrons beams with sub-room-
temperature MTE from Cs3Sb photocathodes suitable for applications requiring ultra-bright and 
ultra-short bunches. Even without the cryogenic cooling, the beam brightness will be better 
than previously demonstrated photocathodes. We note that the surface roughness is a 
noticeable contributor to the transverse momentum spread of the electrons for this type of 
photocathodes. Therefore, work is underway to realize atomically flat cathodes of this family. 
The cooling of the photocathode to even lower temperatures than in our present setup may 
eventually lead to the thermal emittances and MTE of a few meV especially if the cathode 
surface roughness contribution to emittance growth can be minimized. 
 
This work has been funded by the NSF under Grants no. PHY-1416318, DMR-0807731 and by 
the DOE under Grant no. DE-SC0003965. 
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